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AE!NORMALGRAINGR~TH INNICKEL-EASE

HEAT-RESISTANTALLOYS

ByR.F. Decker,A. I.Rush,A. G.Dane,
andJ.W. Freeman

SUMMARY

A laboratorystudywascarriedouttoestablishthebasiccauses
ofabnormalgraingrowthinair-andvacuum-meltedWaspaloy,Inconel
X-550,andNimonic80Aalloys.Allof theresultsindicatedthatsmall
reductionsofessentiallystrain-freemetalwerethebasiccauseof
abnormalgraingrowth.Eetweenreductionsof 0.4and5.0percent,in
mostcases,therewasa narrowrangeof reductionsresponsiblefor
abnormalgrowth.Ina fewspecialcasestheresponsiblereductions
wereas lowas 0.1percentandashighas 9.7 percent.

Thepreventionofabnormalgraingrowthclemlyrequiresavoidance
of smallcriticalreductions.Themainproblemis taanticipateandto
avoidconditionsleadlngtocriticaldeformation.Insuringthatall
partsofa metalpiecereceivemorethan5- to 10-percentreductionwill

. preventit. Nonuniformmetalflowduringhot-workingoperationsis
probablythemajorsourceofabncnmslgraingrowth.Anysmallreduction,
particularlyif it includesa straingradientso thatthecriticalreduc-.* tionwilldefinitelybe present,isa ccmmonsource.Strainsarising
fromthermalstressesduringrapidcoolingcandevelopsusceptibility.
Removalof strainby recrystallizationduringworkingfollowedby a small
furtherreductioncan,in certaincases,induceabnormalgraingrowthin
thepresenceoflargereductions.

Thephenomenonofabnormal-in growthisremarkablyindependent
oftemperatureofworkingandofheatingtemperatures.Iftheheating
temperatureandtimearesufficientforabnormalgraingrowth,higher
temperaturesincreasethegrainsizeonlyslightly.Priorhistoryof
thealloysbeforecriticalstrainingalsohasrelativelylittleeffect,
providedthepriortreatmentreducesstrainbelowthecriticalamount.
Certainconditionsofworkingorheatingseemedtominimizeabnormal
graingrowth.These,however,donotappeardependableforcontrolling
abnormalgraingrowthbecauseof theprobabilitythattheireffectiveness
is dependentonpriorhistory.

.
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Theinfluenceofalloycompositionseemstobemainlyinvariation &
oftheexcessphaseswhichrestrictgraingrowth.A scmewhatsmaller
grainsizeinvacuum-meltedthaninair-meltedWaspaloywasapparently
duetomoregrain-growthrestrainersresultingfroma highercarbon %“
content.InconelX-550didnotundergoabnormalgraingrowthat1,950°F
as didWaGpaloyandNimonic8QAalloys.At 2,150°F, thenormalsolution
temperatureforInconelX-550,itdidoccur.Apparentlythemorestable
columbiumcompoundsinInconelX-550restrainedgraingrowthtoa higher
temperaturethanthelessstablegrowthrestrainersintheotheralloys.

INTRODUCTION

A studyofthecausesofabnormallylargegrainsforminginnickel-
baseheat-resistantalloysduringhot-workingorsubsequentfinalsolution
treatmentwascarriedout. ThealloysinvestigatedwereWaspaloyand
InconelX-550.Vacuum-meltedWaspaloy,reputedtobe lesssusceptibleto
graingrowth,aswellasair-meltedmaterial,wasincludedintheinvesti-
gation.A Mmitedmount of dataforNimonic8QAalloyisincludedfrom
anotherinvestigation(reportedIna privatecaummnication).Oneprevious
report(ref.1)presentedpreliminaryresultsfora similarstudyof
S-816alloy.

Theobjectiveoftheinvestigationwastoestablishthefundamental
principlesgoverningtheformationofabnormallylargegrainsduringhot-
workingandfinalheattreatmentinheat-resistantalloysofthetypes .
usedinthegasturbinesof jetengines.Forpurposesofthisinvesti-
gation,anygrainslargerthanASIM1 wereconsideredabnormallylarge.
Furthermore,theinvestigationwasmainlylimitedb normalconditions

-,
r

ofheatingforhot-workingandforheattreatment,ithavingbeenwell
establishedthattheabnormalgraingrowthofinterestoccurredunder
theseconditions.Howeverja fewexperimentsinvolvingtemperatures

—

higherthannormalwereIncluded.

Thepresenceofabnormallylargegrainshasbeenassociatedwith
poorpropertiesinheat-resistantalloys,particularlywithlowfatigue
strengthandbrittlenessundercreep-ruptureconditions.Theconsequent
necessarygrain-sizecontrolisa recurringprobleminmakingforgings
andotherhot-workedproductsfromtheheat-resistantalloysusedinair-
craftgasturbines.Inpractice,procedures.forhot-workingareeventu-
allydevelopedwhicheliminateorminimizegrain-sizeproblems.Those
developedhavegenerallybeenempiricalandhavenotdefinedthebasic
principleinvolved.ThedataincludedinthisreportforNimonic80A
alloy,forinstance,representexperimentscsrriedouttohelpclarify
a productionproblemofgrain-sizecontrolinanalloywhichhasbeen
extensivelyused.
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Thegeneralprocedureoftheinvestigationwasto carryoutcon-
trolledlaboratoryexperimentson samplesofbarstocktofindconditions
ofheatingandhot-workingwhichresultedinabnormalgraingrowth.Like
theinvestigationons-816alloy(ref.l),thisinvestigationdidnot
discloseanyconditionsforabnormalgraingrowthotherthanby small
amountsofcriticaldeformation.Theinvestigationdoes,however,define
manyconditionswhichleadto suchcriticaldeformationwhicharenotso
obviousas simplesmallamountsof deformationduringhot-working.

Theinvestigationwascarriedoutby theEngineeringResearch
Instituteof theUniversityofMichiganunderthesponsorshipandwith
thefinancialassistanceoftheNationalAdvisoryCommitteeforAeronautics.
Themembersof theNACASubcommitteeonPowerPlantMaterialsassistedin
theplanningoftheexperimentalprogrm,particularlyby definingcondi-
tionsofworkingwheregrain-gowthproblemshadbeentroublesome.

PROCEDURES

Thegeneralproceduresusedto establishconditionsleadingto abnor-
malgraingrowthwereas follows:

(1)Commerciallyproducedbarstockwasusedforexperimentalmate-
rials.Theonlyexceptionsweresmallcommerciallyproducedingotsof
vacuum-meltedWaspaloyrolledtobarstockat theUd.versityofMichigan.

.

—-
.

(2)Mostof theas-receivedbarstockwasnotsuitableforexperi-
mentalresearchbecauseof unevengraing,rowthor susceptibilityto
abnormalgraingrowthduringreheatingtohot-workingor solution-treating
temperatures.Accordingly,moststockwasgivenan “equalizingtreatment”
designedtoproducea uniformreasonablyfinegrainedmaterialforexperi-
mentalpurposes.Thistreatmentusuallyconsistedof:

(a)A fairlyheavyreductionby rolling

(b)A heattreatmentof1 hourat theusualsolution-treating
temperatureforthealloy

Thecoolingaftertheequalizingheattreatmentwasperfonnedby
eitherair-coolingoroil-quenching.Water-quenchingmadeallof the
alloyssusceptibletoabnormalgraingrowthon thesurfaceofthebars.
In somecasesevenair-cooledalloysdevelopedsomesusceptibilityto
suchgrowth.An equalizingheattreatmentwas,however,necessary.
Otherwise,theinitialuneven-grain-growthcharacteristicscouldmaskthe
influenceof theexperimentalconditionsusedto obtainabnormalgrain
growth.
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Theconditionsoftheequalizingtreatmentweresometimesdeliberately ●

varied,orthetreatmentsomitted,to studytheinfluenceofsuchfactors
onabnormal-grain-growthcharacteristics. -—

%
(3)Repeatedheatingandcoolingwasusedto studytheabnormalgrain

growthinducedby thermalstressesalone.Water-quenching,oil-quenching,
andair-coolingwereusedtovarythecoolingrateandresultantthermal
stre~ses.

(4)Theinfluenceofamountandtemperatureofworkingwasstudiedby
rollingtaperedspecimenstoflatbarsbetweenopenrollsIna rolling
mill. Thetaperedspecimenswereusuallymachinedfromtheequalized
stock. Twosizesof specimens(fig.1)wereusedtogivereductions
rangingfromO toabout15 or29percent..Thespecimenswereplacedina
furnaceat thetemperatureselectedforrollingandheldinthefurnace
1/2hourbeforerolling.Inmostcases,onlyonepassthroughtherolls
wasused. Thespecimenswereair-cooledfromtherollingoperation.

A fewexperimentswerecarriedoutusingtensilespecimensto obtain
uniformreductiontostudythecomparativeeffectsofuniformstrainand
thestraingradientsfromthetaperedspecimens.

(5) Therolledspecimenswereheatedtotheusualsolution-treating
temperaturesfortheusualtimesforgraingrowthtooccur.Insomecases,
thespecimenswerecutintotwopiecesparalleltothedirectionofrolling
beforesolutiontreatment.Onehalfwasexaminedintheas-rolledcondi-
tionandtheother,aftersolutiontreatment.

(6) Thespecimenswerethencarefullymeasuredandthereductionin
cross-sectionalsreacomputed.Thespecimensweresectionedandexamined
microscopicallyforgrainsizealongthelengthsoftherolledbars.

.

(7)me grain-Si.Zeratingsystemusedwasthatestablishedby the
AmericanSocietyforTestingMaterials(ref.2). Itwasnecessaryto
extendthissytemtolargersizesthannumberO throughthenotation-1
to -5grainsizes.Theactualgrainsizesinvolvedwereasfollows:

.
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ASTMgrainsize Grains/sq in.of Approximatedism.
imageat 100diam. ofgrains,in.

8 128 0.000g
7’ 64 .0012
6 32 .0018
5 16 .0025
4 8 .0035
3 4 .005
2 2 .007
1 1 .010
0 ●5 .014

-1 .25 .020
-2 .125 .028

.0625 .040
:? .0312 .056
-5 .0156 .080

Inreportinggrainsizes,thecompleterangeisgiveninthetablesof
data. Thegraphicalpresentationsaregenerallylimitedtothemaximum
size.

EXPERIMENTALMATERIALS

Theexperimentswerecarriedoutonbarstockcommerciallyproduced
fromair-meltedheats,withtheexceptionofthevacuum-mel~dWaspaloy.
Theinformationfurnishedby thesuppliersof thetestmaterialsis given
inthefollowingsections.

WaspaloyAlloy

Theair-meltedWaspaloyalloywassuppliedgratisby theAllegheny
LudlumSteelCorp.as l-inch-squarebarstockmadefra a 9-inchingot
fromheat43638.Thevacuum-meltedWaspaloywassuppliedgratisby the
UticaDropForgeandToolCorp.as a 2-inch-dismeteringotfrcmheat3-259.
Thechemicalanalysessuppliedby theproducerswereasfollows:

.

.
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Chemicalcomposition,weightpercent

c Mn Si Cr Ni co Mo Ti Al Fe Cu s P

Heat43638

0.03 1.14 0.63 18.8 Balance13.7 3.15 2.56 1.43 1.18 9.11 0●0150.016

Heat3-259

0.050.27 0.57 19.8 Ealance13.8 3.90 3.17 1.15 0.69 .10 0.005 -----

n

-i

Thesmallingotsofvacuum-meltedstockwerehot-rolledat 1,950°F
to 3/4-andl/2-inchbarsat theUniversityofMichigan.

InconelX-550Alloy

TheInconelX-550stockwasfurnishedgratisby theInternational
NickelCo.,Inc.,ashot-rolled2*-by 1~-inchflatbarsfromheatY7180x.

Theonlyotherinformationsuppliedwasthefollowingreportofchemical
composition:

Chemicalcomposition,weightpercent

c Mn Fe s Si Cu Ni C!r Al Ti TaandCb

0.05 0.7’36.59 O.oq’ 0.280.03 72.63 14.97 1.16 2.50 1.0>

TheNimonic80Aalloywasintheformofl-inch,hot-rolled,center-
less,groundbarstockwhichhadbeenpurchasedby theContinental
AviationsndllngineeringCorp.frcmconunercialair-meltedheat5331B
madeby theInternationalNickelCo.,Inc.

Thefollowingreportofchemicalcompositionwassupplied:

Chemicalcomposition,.weightpercent

c Mn Fe s Si Cu Ni Cr Al Ti

o.~ 0.55 0.59 0.007 0.34 O.m Balance20.5 0.98 2.20

.
.

A
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FACTORSINFLUENCINGGRAINGRCWTH

A numberoffactorsinfluencedobservedgrain-growthcharacteristics
intheexperimentalmaterials.Becausetheywerefairlycomplicated,
considerationofthefollowingdiscussionof someof thesefactorswill
helpin understandingtheresultsofthestudies:

(1)Theexperimentalmaterialsintheas-receivedconditionhadbeen
hot-workedtobarstockunderunknownconditions.In somecasesthe
grainsizeswereinitiallymixed.Thegrain-growthcharacteristicswhen
reheatedtonorml hot-workingorsolution-treatingtemperateindicated
susceptibilitytoabnormalorunevengraingrowthinmostcases.usually
thistendencyvariedalongthebar-stocklengths.

(2)Thesevariedanduncertainprior-historyeffectswereminimized
inmostexperimentsby anequalizingtreatment.Thistreatmentwasa
fairlyheavyreductionby rollingcanbinedwitha heattreatmentfor
1 hourat thenormalsolutiontemperature.Thisgavea uniformgrain
structureinmaterialwithuniformresponseto subsequentexperimental
variables.Thecoo~ngratefromtheheattreatmenthadtobe restricted
to thatofair-coolingoroil-quenchingtoavoidsusceptibilitytoabnor-
malgraingrowthon thesurfaceduringsubsequentreheating.

It shouldbe recognizedthattherearecertainImportantconsidera-
tionsinvolvedin theseequalizingtreatments:

(a)Thebestwaytoavoidunevenorabnormalgraingrowth
duringanysubsequentheatingisto introducemorethana minimum
anountof uniformworkintothestock.As discussedlater,this
shouldbe a reductionlargerthanat least5 percent.Material
givensuchreductionswould,however,be unsuitablefortheexperi-
mentalprograbecausetheinitialreductionwouldmasktheexperi-
mentalvariablestobe studied.

(b)Theequalizingtreatmentsdonotmakethematerialindepend-
entofpriorhistory.Theactualgrainsizeisinfluencedby the
priorworkingandheatingconditions.Itcanbepostulatedthatif
thepriorworkingresultsina materialwhichundergoesrecrystal.l.i-
zationandgraingrowthto umiformreasonablyfinegrainsize,it is
thenina conditionsuitableforstudyofabnormalgraingrowth.
Therecrystallizationreducespriorstrain-hardeningtoa mindmum.
As faras isknown,someothersequenceoftreatmentscouldhave
resultedina differentinitialgrainstructure.This,however,
wouldaltertheresultsoftheexperimentsonlyin detail.

(c)First,theheat-treatmentstepprobablydidnotattainthe
equilibrimngrainsizeforthetemperatureof.heating.Second,the



8 NACATN4082

degreeof solutionofexcessphaseswasprobablyvariable.Third,
thecoolingfrcmitheheattreatmentintroduceda smallstrainin
thesurfaceofthemetal.However,by air-coolingoroil-quenching
thiswaskeptbelowthecriticalsmountrequiredforabnormalgrain
growth.

?

(3)Theequalizedmaterialwhenreheatedforworkingmightormight
nothaveundergonefurtheralterationofgrainstructureas a resultof
theadditionalheatingbeforeworkingactuaUystarted.

(4)Whenthetaperedspecimenswererolled,thefollowingr-e of
conditionswassetupinthespectins:

(a)A zoneofnoreductionwhere any change shouldhavebeen
onlythatinducedby reheatixig.

(b)A zoneof increasingamountsofstrainresultingfromthe
increasingreduction.

(c)Ifthetemperatureofreductionwastcmlowforanyrecrys-
tallizationfortherangeofreductions,thewholelengthofthe
specimenwasstrain-hardened.Thiswasdependentonthesmountand
temperatureofreductionandtheopportunityforrecoveryduring
coaling.

(d)Ifthetemperatureofworkingwassufficientlyhighfor
recrystallizationduringworking,therewasa zoneofincreasing
strain-hardeningfollowedby a zoneatthelargerreductionswhere
st~in-hardeninghadbeenreducedby therecrystallization.In
general,thezoneofcold-workedmaterialdecreasedwithincreasing

.
T

temperatureofreduction.Thezoneofrecrystallizationwasreduced
in strain-hardeninginporportiontothedegreeofcompletenessof
recrystallization.W general,thisincreasedwithbothtemperature
andamountofreduction.

(e)Theair-coolingfromworkingintroducedsomesurfacestrain
fromthethermalstresses.

(5) ~n the taperedwec~ns werereheatedfor solution trea~~t> .
the reactionwascharacterizedby zonesasfollows:

(a)A zoneofno orverysmallreductionwherethegraingrowth
wasmainlydependentonthefurther~owth tobe expectedfrom
unstrainedmaterial.Preswbly themachiningofthetaperedspeci-
menremovedanysurfacemetalstrainedduringcoolingfromthe
equalizingtreatment.Consequently,onlytheair-coolingfromthe
workingtemperaturewasinvolved.

P
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(b)A zonecoveringreductionsgenerallyintheorderof 0.4
to5.0percentwhichwascriticallystrained,resultingina few
grainsgrowingtoabnormalsizes.

(c)A zoneofhigherreductionswheredeformationresultedin
moregrainsgrowingincompetitiontopreventabnormalfinalgrain
size.

(d)A zoneofstilllargerreductionswhererecrystallization
definitelyoccurredin themoreseverelystrain-hardenedmetalduring
reheatingunlessit occurredduringworking.Ihthelattercase
graingrowthoccurred.Manyof thespecimensshowedpa.rtialrecrys-
tallizationat theheavierreductions.Presmablyrecrystallization
occurredduringreheatinginthoselocationswhereit didnotoccur
duringrolling.Thezonesofrecrystallizationpresmbly underwent
graingrowth.

Grain-growthdatawereobtainedforWaspaloyandInconelX-550alloys.
Inaddition,dataarereportedforexperimentsonNimonic80Amaterial
fromanotherinvestigation.Themajorexperimentalconditionsstudied
wereinductionofabnormalgraingrowthby repeatedheatingandcooling
andby deformationby rolling.

Intheexperimentsinvolvingrolling,taperedspecimenswererolled
toflatbars. Intheregionsof smallreductionscausingabnormalgrain
growth,as discussedinsubsequentsections,thegraingrowthwasremark-
ablyuniformacrosstheentiresectionof thespecimens.TheHne of
debarkationat thesmallestreductioncausingsuchgrowthwasverysharp.
Therecrystallizationandgraingrowthwerealsouniformona macroscopic
scaleacrossthebarsection.Recrystallizationduringworkingor after
solutiontreatment,however,wasoftenbanded.

Air-andVacuum-MeltedWaspaloyAlloy

Grain-growthexperimentswerecarriedoutonbarstockfromboth
air-andvacuum-meltedheatsofWaspaloyalloy.A numberofexperiments
werecarriedoutonthebarstocktoestablishgrain-growthcharacteris-
ticsandto developinitialtreatmentswhichwouldprovidea reasonably
uniformandfineinitialgrainsize.

In theas-receivedcondition,theair-meltedstockwasfinegrained
ontheoutsidewitha mixedgrainsizeinthecenter(fig.2). TMS

materialdevelopeda nonuniformgrainsizewhenheatedto1,9500F
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(fig. 3). Usingtemperatureshigherthm 1,950°F reducedthevariation
ingrainsizeanddidnotcauselargegrainstoform(fig.3). Itwas

f

considered,however,thatitwouldbebesttoreducethebarstock
furtherby rollingbeforeheattreatmentinordertoobtaina uniform *
finegrainsizewiththenormaltreatmentat1,950° F. A reductionof
70percentfroml,9500F followedbya treatmentof1 hourat1,950°F
wasappliedtomaterialusedfortherepeatedheatingandcooling
experiments.TTCLSgavea grainsizeof4 to6 (fig.3). A similargrain
sizewasobtainedby a reductionof50percentfrom1,950°F (fig.4) and
thistreatmentwasusedforallthedeformationexperimentsexceptwhen
priortreatmentwasdeliberatelyvaried.Figure4 showsthatrollingat
1,950°F toa reductionof~0percentresultedinpartialrecrystalliza-
tiontoveryfinegrains”.How&er,thismat&ialhad
of4 to6 afterheating1 hourat 1,950°F (fig.4).

Thevacuum-meltedstockasoriginallyrolledhad
to8 (fig.5). Heatingto1,950°F for1 hourgavea
7 (fig.~). Thelatterconditionwasusedforallof
experiments.

a uniformgrainsize .-

a grainsizeof5
grainsizeof4 to
thegrain-growth

—

InductionofabnormalgraingrowthbyrepeatedheatingandCOOli~.-
Theexperimentsconductedtoinducegraingrowthbyrepeatedheatingand
poolingandtheresultinggrainsizesaresummarizedbyfigures6 to9.
Theobservedgrain-growthcharacteristicswere:

(1)Air-coolingdidnotinduceabnormalgraingrowthinair-melted
stock.Therewasa gradualincreaseingrainsizeduringfourreheats
sothatthefinalgrainsizewas2 to4 withfewrandomO grains(fig.6). -
Vacuum-=ltedstockwasalsofreefromabnormalgraingrowthasa result
ofrepeatedheatingandair-cooling.Thenormalgraingrowthwasless ●

thanfortheair-meltedstock,finalgrainsizebeing3 to 6 (fig.8).

Itshouldbenotedthatonek-hourcyclegavenearlythesamegrain
sizesas fourcyclesofl-hourduration(figs.6 and8).

(2) Water-quenchingbetweenreheatsdidinduceabnormalgraingrowth
startingatthesurfaceinbothair-andvacuum-meltedstock.Theair-
meltedstockdevelopedlargergrainsanda largerpercentageofabnormal
grains(figs.6 and8). Figures7 and9 shdwtypicalmicrostructureof
thewater-quenchedstock.

Againitshouldbe notedthata h-hourreheatto1,950°F developed
justalmutasmuchabnormalgraingrowthasfourcyclesof1 hourat
l,950°F(fig.8).

(3)~r~elted ~teri~ initiallywater-quenchedfrom1,950°F but
air-cooledduringfoursubsequentcyclesto1,950°F underwentnearly
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thesameabnormalgraingrowthasmaterialwater-quenchedduringeach
cycle.Theinitialwaterquenchappearedtobethecriticalfactorcon-
trollingabnormalgraingrowth(fig.6)

(4)Oil-quenchingdidnotinducesignificantabnormalgraingrowth
inair-meltedstock.Thelargestgrainsfomedwereof sizeO (fig.6).

Theexperimentsindicatethat:

(1)Forthesizesandshapesstudied,air-coolingor oil-quenching
didnotinduceabnormalgraingrowthduringsubsequentreheating.Water-
quenchingdidinducea’unormalgraingrowthinbothair-andvacuun-melted
materialsdiningsubsequentreheating.

(2)Thegoverningfactorintheabnormalgraingrowthwastimeof
heatingatthesolutiontemperatureandnotthenumberoftimesthe
mterialswerereheatedandquenched.Onewaterquenchwasjustas
effectiveasfouras longas thetotaltimeofheatingwasthesame.

(3)Thevacuum-meltedmaterialdidnotdevelopquitesolargegrains
as didtheair-meltedstock.

Inductionofabnormalgraingrowthby deformation.-Allof theexper-
imentsoninductionofabnormalgraingrowthby defamationweredesigned
toestablishtheconditionswhichleadtoabnormalgraingrowthduringa
standardfinalsolutiontreatmentof 4 hoursat 1,9500F. Therefore,all
grain-sizeratingsarebasedonmaterialwhichhadbeensolution-treated
aftersubjectiontovariousinitialtreat~ntspossiblyinfluencinggrain
gowth.

Themainresultwasthatgrainslsrgerthan1 wereinducedin
materialwhichhadbeenreducedbetween0.4and5.0percent.A limited
numberofspecialconditionsresultedinabnormalgrainswhenreductions
wereas smallas 0.1percentoras largeas 9.7percent.Intheselimited
cases,abnormalgraingrowthdidnotoccuroverthisentirerangeof
reductionsbutratherdidoccuroversomensrrowreductionwithinthis
range.

Therewasa verysharpincreaseto grainsizesof -3to -4at the
lowersideofthisrangeinreductions,usuallyforreductionsbetween
0.4and1 percent.Thegrainsizethendiminishedsothatformostcases
whenthereductionwas~ percent,themaximumgrainsizewas1 orless.

Thefollowingadditionalfeaturesof theresultscan
generalized:

(1)Therangeofreductionforabnormal-in growth
oftemperatureofreduction.

aisobe

wasindependent
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(2)Vacuum-meltedstockunderwentabnormalgraingrowthafterthe
smallcriticalreductionsinthesamemannerastheair-meltedstock.
Themaximumgrainsizewas,however,lessforthevacuum-melted
material,theusualdifferentialbeingabouttwosizessmallerforthe
vacuum-meltedmaterial.

(3) ~Orkingabovethe solution temperatureof1,950° F generally
reducedmaximumgrainsizeintheareaofabnormalgraingrowthinair-
meltedstock.

(4)A nunberof conditionsofworkingandheattreatmentpriorto
criticalreductionswerefoundtohavelittleeffectonthetendencyfor
abnormalgraingrowth.

(5) unifo~ reductionsmorethanthecriticalamountpriortoa
criticalreductiondidnotcompletelysuppresstheabnormalgraingrowth.

(6) Utiformcriticalreductionina tensilemachinealsoinduced
abnormalgraingrowth.

(7) A very steep Strain gradientfrm workingtendedtosuppress
maximumgrainsize,apparentlyby restrictingtheamountofmetalsubject
toabnormalgraingrowth.

(8) A limitednumberofexperimentswerenotsuccessfulininducing
abnormalgraingrowthasa resultofpartialrecrystallizationduring
working.

Thedetailsofthedatawhichledtothesesummarizedresultsare
discussedas follows:

Effectofmount andtemperatureofreduction:Abnormalgraingrowth
wasinducedat somesmallreductioninallspecimensofair-meltedstock
regardlessofthetemperatureofrolling(seetableI andfig.10). The
reductionsinducingthisgraingrowthwerebetween0.7and3.0percent.
Themaximumgrainsizeinthisregionofreductionswas-3to -4except

forrollingat 2,000°and2,100°F whenitwas-2. Thegrainsizewas
lessthan1 forallreductionslargerthan1.8to5 percentdependingon
therollingtemperature.Typicalmicrostruc.turesforvariousreductions
takenalonga taperedspecimenareshowninfigure11.

Therollingtemperaturehadverylittleeffectonthatportionof
thespecimenswhichwasnotreduced,exceptwhentherollingtemperature
was800or2,100°F. Themaximumgrainsizesshownbyfigure10were
remarkablystiilarforreductionslargerthanthecriticalamountforall
temperaturesofrolling.Apparently,thevaryingdegreesofrecrystalli-
zationduringrollingat1,8000to2,100°F didnotgreatlyalterthe
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? finalgrainsizefromthatinducedby strain-hardeningatlowertempera-
turesofrolling.

H Vacuum-meltedstockrespondedsimilarly ta the air-meltedstock
(tableIIandfig.12)exceptthatthemaximumgrainsizewas-2. The
overallgrainsizewasalsofiner.Therealsowasno differencein
maximumgrainsizein thecriticallyreducedsectionbetweenssmples
rolledat 2,100°F andthoserolledat lowertemperatures.Typical
microstructureofvacuum-meltedstockareshowninfigure13.

Itwillbe notedthatthechangein grainsizeinthecriticalsec-
tionwasthesameforbothair-andvacuum-meltedmaterial.Although
thissuggestschangeingrainsizeasa controllingfactoringrain
growthfromcriticalreduction,itwasnotborneoutby subsequent
studies.

Influenceofpriorhistoryonabnormalgraingrowth:A numberof
detailsin thetreatmentspriortorollingastaperedspecimenswere
varied.Themoreimportantresultswere:”

(1)Qnissionoftheheattreatmentat 1,9300F aftera reductionof
50percentat 1,950°F didnotcompletelyeliminatethesusceptibility
Toabnormalgraingrowthfromcriticalreductionalthoughitgreatly
reducedmaximumgrainsize(tableI andfig.14). Thiswastruefor
specimensrolledatbothroomtemperatureand1,6oooF. Theonlydif-
ferenceforthetwocaseswastheratherhighreductionof6 to10per-

. centforabnormlgrowthwhenthespecimenwasrolledat1,600°F. It
hadbeenexpectedthattherewouldbe no tendencyforabnormalgrowth
fromcriticalreductionafterthisheayyinitialreduction.

Theresultsoftheprecedingdiscussionshowthata reductionof
morethan~ percentatanytemperatureusuallyrestrictedthegrainsize
tolessthan1. Itwaspresumedthatsuperimposinganyfurthersmunt
ofreductionwouldnotalterthetendencytoproducefinegrainsduring
solutiontreatment.Datapresentedlaterforspecimensstraineduni-
formlyintensiontendto showthattheamountofdeformationandnot
straingradientsisthecontrollingfactorin criticaldefamationfor
abnormalgraingrowth.Thisthensuggeststhatthesuperimposingofa
straingradientonmaterialstrainedpastthecriticalamountwasnot
responsibleforretentionof sanetendencyforabnormalgraingrowth.

Itis importanttorecognizeinconsideringthesepossibilitiesthat,
aareduced50percentat 1,950°F, themetalwasnotsusceptibletoabnor-
malgraingrowth.Itdoes,however,seemapparentthatfurtherreduction
at somelowertemperaturecaninduceabnormalgraingrowth.ItiShighly
probablethatthissusceptibilityarisesfrompartialsimultaneousrecrys-. tallizationleavingareasofessentiallystrain-freematerialwhichcan
subsequentlybe criticallystrained.

.



14 NACATN40!32

(2)Air-coolingfromthe1,950°F treatmentinsteadofoil-quenching
didnotsubstantiallyalterthemaximumgraingrowthcausedby critical
reductionsat 800F (fig.14)or1,9000F (fig.15). Graingrowthwas,
however,lessfortheair-cooledmaterialwhenitwasrolledat2,1OOOF
(fig.15)forreasonswhichdonotseemexplainablefromtheavailable
information.

(3)Itwasnotedthatthegraingrowthaftersolutiontreatmentwas
considerablygreaterinthatpartofthetaperedspecimenswhichreceived
noreductionwhentherollingwascarriedoutatroomtemperature(figs.12
and14). Apparently,the1/2hourofheatingforrollingat 1,400°F or
higherrestrictedgeneralgraingrowthduringthefinalsolutiontreatment
inmaterialwhichdidnotreceiveanyfurtherreduction.

(4)Theinclusionoromissionoftheequalizingheattreatmentat
1,950°F beforerollingat 2,100°F hadpracticallynoeffectongrain
growth(seetableI andfig.16). Heatingfirstat 2,100°F andthen
droppingthetemperatureto1,6oooF mayhaveincreasedtheamountof
reductiontoinitiateabnormalgraingrowthfrom0.7to2.5percent.

Theseresultssuggestthatthetendencyforthecriticalreduction
toincreaseforrollingat2,100°F isduetoheatingto 2,100°F andnot
toworkingat thattemperature.Thiswascarriedoverinthespecimen
cooledto.l,6~oF beforerolling.

(5) As-receivedmaterialreduced25percentat1,6000or 1,9500F
hadaboutthesamegrowthcharacteristicsformaxinmngrain size(fig.17) *
asmaterialreduced50percentat 1,9500F whenallwereequalizedat
1,950°F andoil-quenchedpriortorollingat 1,6000F. Thisresultis
supportforthegeneralconclusionthatpriorhistoryhasrelativelylittle ‘
effectonabnormalgraingrowthunlessthereisa largereductionwithout
opportunityforsubstantialrec~stallization.

Abnormalgraingrowthinducedby tensilestraining:Uniformcritical
reductionby limitedstrainingina tensilemachinewasusedtoobtainan
indicationastotherelativeimportanceoftheamountofreductionanda
straingradient.Specimenswerestretched:(1)1 percentat 1,400°F;
(2)1 percentat 1,6oooF; and(3)2.5percefitat1,6000F. Thegrain
sizesaftersubsequentsolutiontreatmentaregivenInfigure18.

Theresultsofthesetestsshow:

(1)Thel-percentelongationat1,400°F developeda maximumgrain
sizeofonly-1.

(2)Thel-percentelongationat1,6000F gaveverynearlythesame
resultas l-percentreductionbyrollingoftaperedspecimens,themaxi-
mumgrainsizebeing-4.
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(3) A.11elongationof2.5percentat1,6000F strainedthe-e sec-
tionmorethanthecriticalsmountsothatabnormalgraingrowthwas
restrictedto thefilletswherethestrainwasthesmallercritical
amount.

Thesedataareinterpretedto showthatthecriticalstrainis the
controllingfactorandnotthestraingradient.Theabsenceofappre-
ciablegraingrowthafterstraining1 percentat 1,4000F apparentlywas
duetothestrainbeingbelowtheminimumsmountrequired.

Influenceofrecrystallizationduringworking:Theapparentconfine-
mentofinductionofabnormalgraingrowthtoa smallcriticalreduction
raisedquestionsastowhetherthesameconditioncouldbe attainedby
partialrecrystallizationduringworking.Sincerecrystallizationleaves
a relativelystrain-freecondition,theremustbe straingradientsbetween
therecrystallizedandtheUnrecrystallizedzones.

Themethodofstudyselectedwastorolltaperedspecimenssoas to
obtainreductionsfromO toabout29percent.Thiswouldprovidea wider
rangeofrecrystallizationthanwasobtainedinthebarsreduceda maximum
of15percent.T&nperaturesof1,8500,1,950°,and2,0500F wereusedto
varyfurthertherecrystallizationcharacteristicsduringrolling.The
grainsizesobtained(tableI andfig.19)alongwithtypicalmicrostruc-
ture (fig.20)indicatethefollowingthings:

(1)Thereductionforabnormalgraingrowthremainedapproximately
thesameas thatwhichhadpreciouslybeenfound,0.4to 5.8percent.
Themaximumgrainsize,however,was-1to -2insteadof -3to ~. The
narrowerzoneof criticalreductioninthebarswiththegreatertaper
apparentlyrestrictedthemaximumgrainsize. Thisseemedtobe dueto
an insufficientvolumeofmetalbeingcriticallydeformedtoprovide
enoughmaterialforlargergrains.

(2)No abnormalgrtinswerefoundin theregionsreducedmorethan
thecriticalsmountinspiteofa widerangein degreeofrecrystallizat-
ion duringrolling.

(3) me mterial reducedmorethan10percentat 1,8500F didshow
grainshavinga sizeof1 to 2 inbandsbetweenfinergrainedareas
(fig.20(C)).Thisappearedtobe duetograin-boundarymigrationfrom
thefewverysmallrecrystallizedgrainswhichformedduringrol~ng.
Theseapparentlygrewpreferentiallyat theexpenseof surrounding
grains.

(4)Thematerialreducedover7 percentat 1,950°F underwentexten-
sivepartialsimultaneousrecrystallization(figs.20(d),20(e),20(f),
and22). However,uponsubsequentfinal.solutiontreatment,a uniform
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fine-grainedstructurewasobtainedintheregionsofthetaperedspeci- r
menwhichreceivedtheheavierreductions(figs.20(d),20(e),and20(f)).

Thesespecimensweresolution-treatedat 1,975°F inaccordancewith \
morerecentcommercialpractice.Thereisno reasontobelievethatthis
increasefrcm1,950°F appreciablyaffectedtheabno~l-grain-growth
characteristics.

Theinvestigationofthepossibleinductionofabnoml graingrowth
throughpartialrecrystallizationwastoolimitedtoallowdefinitecon-
clusions.Theresults,however,pointtocertainprobablefundamentals
whichsuggestthatitwouldbe verydifficulttoinduceabnormalgrain
growthinthismanner.Anystraingradientsbetweenrecrystallizedsmd
unrecrystallizedareaswouldbeverysteep.As discussedintheprevious
section,thiswouldprobablylimitthemaximumgrainsizebecauseofthe
smallamountofavailablemetalsubjecttoabnormalgraingrowth.In
addition,thereisgoodreasontobelievethattheUnrecrystallizedgrains
a~acenttorecrystallizedgrainsme deformedmorethanthecritical
amountforabnormalgraingrowth.Thiswouldresultina verynarrowzone
oreventheabsenceof criticaldeformationwithlittleorno tendencyfor
abnormalgraingrowth.

Influenceofrateofheatingonabnormalgraingrowth:Theoccur-
renceofgrainswitha sizeof1 to2 inthesamplerolledat1,85cPF to
reductionsof10to20percent,as describedintheprecedingsection,
suggestedthepossibilityofabnormalgraingrowthfroma fewsmallsimul-
taneouslyrecrystallizedgrains(figs.20(a),20(b),and20(c)).E a slow -
rateofheatingwasused,thefewverysmallgrainswhichformedduring
rollingat 1,8500F (figs.20(a)and20(b))mighthavean opportunityto
growevenlarger.Verylargegrainscanbegrowninmetalswhenonlya ?
fewsmallgrainsformbyrecrystallizationandaregiventimeenoughto
growata relativelylowtemperaturetolargegrainsattheexpenseof
thesurroundingstrainedmetal.

Accordingly,a samplewaspreparedandtaper-rolledtoincludea
considerableregionofreductionbetween10and20percent.Whenitwas
heatedfroml,40@to1,950° F in3 hours,thegrainsizesfound(tableI
andfig.19) wereno Ufferentfromthosefoundwhenitwasplacedina
furnaceatthemaximumtemperature.

As farascouldbeascertained,theslowrateofheatinghadlittle
effectontheabnormalgraingrowthatthecriticallydeformedsection.
Itcertainlydidnotincreasegrainsizeinthisarea.

Itwillbenoted,however,thatthecriticalreductionforabnormal
graingrowthwasonly0.1percent.Thislowvaluesuggeststhatthe
criticalreductionforabnormalgraingrowthis sensitivetoheatingrate. *
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If so,unrecognizedvariationsinheatingrate
theapparentlyunexplainablevariationsinthe
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couldaccountforsomeof
minimumreductionfor

abnorn&lgraingrowthobservedthroughouttheinvestigation.

Degreeofrecrystallizationduringworking:Duringtheinvestiga-
tion,esthatesweremadeoftheamdnt ofrecrystallizationinas-rolled
structures.Thesearesmmarizedinfigure21. Forsanereason,the
larger
A very

A

reductionsgavemorerecrystallizationat l,95@ thanat 2,050°F.
smallamountoccurredat1,8500F andnone

InconelX-550Alloy

numberofheattreatmentswerecarriedout

at lowertemperatures.

on theas-received
InconelX-’55Obarstocktoestablishinitialgrain-growthcharacteristics.
Itwassubjectto unevengraingrowthat l,90@and2,0@ F andto
abnormalgraingrowthat 2,100°F (seefig.22). Thetendencyfor
abnormalgraingrowthwasreducedat 2,20CPF. ~ical microstructure
areshowninfigure23.

Inductionofabnormalgraingrowthby repeatedheatiwandCOOli~.-
!l%eInconelX-550stockwasreduced64 percentfrom2,15@F andthen
-heatedas showninfigure24. Fourandfivecyclesto 2,1’5@Fwith
air-coolingdidinduceSOK abnormalgraingrowth.Thisgrowthoccurred
duringthefirstreheatafteran initialwaterquenchandbecamemore
extensiveduringsucceedingcycles(fig.25).

TheInconelX-550materialwasquitesensitivetoabnormalgrain
growthfromthesurfaceifwater-quenchedandreheatedto2,150°F. It
wasfarlesssensitivewhenair-cooled.However,repeatedair-cooling
or,moreprobably,increasedheatingtimeat 2,15@F resultedin some
abnormalgraingrowth.This,togetherwiththee~rimentscarriedout
ontheas-receivedstock,indicatesthatabnormalgraingrowthcanoccur
in 1 to4 hoursofheatingat temperaturesabove2,00@ endbelow2,2000F
foreitherair-cooledorwater-quenchedmaterial.

ApparentlyInconelX-550wasscmewhatmoresusceptibletoabnormal
graingrowthfrcmrepeatedheatingandcoolingthanWaspaloy.At least,
abnormalgraingrowthwasnotinducedinthelattermterialby repeated
air-coolingfromitssolutiontemperature.

InductionofabnormalgraingrowthinInconelX-550alloyby deforma-
tion.- As-receivedIncopelX-550stockwasheatedfor2 hoursat l,90@ F,
-cooled, andmachinedintotaperedspectienshatinga uniformgrain
sizeof7 to 8. Abnormalgraingrowthoccurredduringfinalsolution
treatmentat 2,15CPF inregionsreduced2.6to10.5percentduring
rol~ngat1,6000,1,8000,and2,000°F (table=Iandftg. 26(a)).There
wasno abnormalgraingrowthtiterrollingat 2,200°F. Increasing
thetemperatureofrollingfrczu1,8000to2,000°F reducedtherange
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ofreductionssubjecttograingrowth.Itwillalsobenotedthatthere
wasno tendencyforabnormalgraingrowthinthesectionofthespecimens
whichreceivedno.reduction.Evidentlytheheattreatmentat1,9000F or
theremovalof surfacemetalinmachiningthespecimenseliminatedthe
susceptibilitytoabnormalgraingrowthat 2,1500F originallypresentin
thestock.

Taperedspecimenswerepreparedfromstocksolution-treated2 hours
at 2,1ONF. Themachiningremovedthesurfacenmterialwhichunderwent
abnormalgraingrowthduringtreatmentat 2,1M1°F andleftmaterialwith
a uniformgrainsizeofO to5.

ThecriticalreductionforabnormalgraingrowthintheInconelX-550
materialwasbetween0.4and1.4percent.Again,rollingat2,20@F
practicallyeliminatedabnormalgraingrowth.Thetendencywasalso
slightlyreducedby rollingat 2,~OoF incomparisonwithrollingat
1,6oooor1,80@F (fig.26(b)).

Somestockwasreduced50percentat 1,950°F andthenmachinedinto
taperedspecimens.Whenheatedto2,1OWF for0.5hourandrolled,it
wassub~ecttoabnormalgraingrowthfora reductionof4 to7.8percent
(fig.26(c)).Figure27showstypicalmicrostructureofthesespecimens.
~n thespecimenwascooledto 1,6000F beforerolling,therangeof
reductionforabnormalgraingrowthwassomewhathigher.Thislatter
materialalsodevelopedgrainsas largeas -1whenreductionwasvery
small.

Apparentlytherecrystallizationduringworkingatl,95@F plus
.

thatonheatingto2,100°F changedtheamountofreductionforcritical
graingrowth.Possiblyrecrystallizationandgraingrowthduring .
heatingat 2,1000F forrollingleftlessresidualstrainfromprior
historyandthereforerequiredmoredeformationtoinducecritical
strain.Possiblygrain-sizedifferenceswereinvolvedinthechsmgein
criticaldeformation.

Theas-receivedNimonic80Astockhada grainsizeof6 to 8. Fig-
ure28 showstheinfluenceofvariousheatingconditionsongraingrowth
in thismaterial.Heatingfor4 hoursat1,950°F developeda grainsize
of1 to 3. Highertempemturesresultedinlargergrains,including
abnormalgrains.

Experimentsinvolvingvariousconditionsofroll~.- Experiments
werecarriedoutinvolvingvariousconditionsofrolling.E?athas-
receivedstockandstockreduced50percentat L,950°F followedby a
l-hourtreatmentat1,950°F wereutilized.Theoriginalgrainstiucture

.-

.
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forbothmaterialsis shownby figure29. Itwillbe
mentof1 hourat 1,950°F resultedina structureof
withbandsofveryfinegrains.

19

notedthata treat-
fairlycoarsegrains

Inductionofabnormalgraingrowthby deformation.-Ingeneralthe
Ni.mcmic80Astockunderwentabnormalgraingrowthinthesamemanneras
theotheralloys.Oneoutstandingdifferencewasthetendencyforgrain
sizesof1 to O to developafterlargereductions.

Effectoftemperatureandamountofreduction:Materialwhichhad
beenreduced70percentat 1,950°F andthenreheatedfor1 hourat
1,950°F andair-cooledandpreparedas taperedspecimensandrolledat
1,750°,1,8500,and1,950°F andreheatedundertheconditionsoutlined
intableIVandfigure30. Abnonuslgraingrowthto sizesgreaterthanO
tookplaceforreductionsbetween0.1tid8.5percentwhenthespecimens
werereheatedby beingplacedina furnaceat 1,975°F. Thelsrgergrain
sizewasneversmallerthan3 andusuallywas1 or O forthelargerreduc-
tions. Sofaras theeffectoftemperatureofreductionwasconcerned,
therewereonlyminorvariationsofdoubtfulsignificanceinthemaximum
sizeof thegrainsformedby abnomalgrowth.

Reworkingafterpriordeformation:A specimenequalizedby a
50-percentreductional1,9500F followedbya l-hourtreatmentat 1,950°F
wasrolledonceasa taperedspecimen,reheatedto 1,9500F for10minutes,
andagainpassedthroughtherolls.E!.ecauseof springbackof therolls
thesecondpassimposedaboutl-percentadditionalreductiononthespeci-
men. Theobservedgrainsizesafterfinalsolutiontreatmentaregivenin
tableIVandfigure30. Itisimportantto recognizethatthereductions
shownarethecombinedreductionfromthetwopasses.Theobservedgrain
sizesareinterpretedas follows:

(1)Duringthe10-minutereheatto1,9500F, considerablereliefof
strainfromtheoriginalreductiontookplace.At smalltotalreductions,
thecombinedeffectoftherelativelysmallfurtherreductionfromthe
secondpassandtheinitialreductiondidnotbecomeeffectivefor
abnormalgraingrowthuntil”thepointwherethetotalreductionwas
1.6 percent.

(2)Foralltotalreductionsbetweenabout8 percentandabout23per-
cent,thestrainrelieffromthe10-minutereheatwasprobablyinsufficient
tobringtheresidualstrainbelowthecriticalamount.Therefore,the
secondpassdidnotinduceabnormalgraingrowth.

(3) For tot- reductions be~een 23 and28 percent, extensiverecrys-
tallizationoccurredduringtheoriginalpass. Thisrecrystallization
probablyleftthematerialessentiallystrainfree.Whengiventhesecond
passitprobablywasthencriticallydeformedandbecmnesusceptibleto
theobservedabnormalgraingrowth.
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Anotherspecimenwithlesstaperwasmadefromas-receivedstock
andsubjectedtothesamesequenceofoperations(seetableIVand
fig.31). Thebehaviorwasverysimilartothatof thepreviouslydis-
cussedspecimenoverthecomparablerangeoftotal.reductions.This
secondspecimendiddevelcrpconsiderablycoarsergrainsintheregions
wheretherewasmorethana criticalreductionthana similarspecimen
givenonlyonepass. Thegrainsizein thisregionwassimilarto that
of thefirstrerolledspecimendiscussed.Infact,itwassimilarto
thatof allthespecimensfirstequalizedat 1,950°F. Thissuggests
thatthecomuonfactoroftwobeatingstol,95@F wasresponsiblefor
therelativelylargegrainsizefora morethancriticalreduction.

,#–

Themostimportantfeaturesof theresultsof theseexperimentsare:

(1)Evidenceofconsiderablestrainreliefin10minutesat 1,950°F
withouta cooltoroomtemperature

(2)Furtherindicationthatextensiverecrystallizationduring
workingleavesalloyssusceptibletoabnormalgraingrowthfrom
smalladditionaldeformation

(3)Evidencethatrepeatedheatingto
tonearabnormallylargesizesfor

Froma practicalviewpoint,thechangesin
smalltobe significant.

.-

1,95(YF increasesgrainsize
metalnotcriticallyreduced

criticalreductionweretoo

.

Effectofheatingrateonabnormalgraingrowth:Reducingthe
heatingrateto solutiontemperatureafterrollingat 1,85@F (fig.30)
practicallyeliminatedabnormalgraingrowthandrestrictedgrainsize
forlargerreductions.Bringingthespecimenup slowlyinthefurnace
from1,400°to1,950°F in comparisonwithplacingthespecimenina
furnaceat 1,950°F couldbe expectedtogiveconsiderablestrainrelief
beforethetemperaturewashighenoughforgraingrowth.Theopportunity
forprecipitationandagglomerationat thelowertemperaturesmayalso
haveincreasedgrain-growthrestrainers.Bothfactorswouldfavorthe
observedreductioningraingrowth.

Slow-heatingmaterialfrom1,950°to2,300°F afterreductionat
l,95@ F increasedgrainsizeforsllreductions(fig.32)whencompared
withmaterialrapidlyheatedto2,300°F. Inthiscase,graingrowth
couldoccuratalltemperaturesinvolvedandtheincreasedgrainsize
wasprobablydueto in~reased

Influenceof temperature
1,950°F: Severalconditions
taperedspecimensat 1,950°F
fig.32):

timein thegrain-growthrange.

ofsolutiontreatmentafterreductionat
ofheatingwereusedafterreductionof
withthefollowingresults(tableIVand

.
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(1) One hourat 2,100° F gavethesanecriticalgraingrowthas
4 hoursat 1,950°F. Themaindifferencewasthelargergrainsizefor
thelargerreductionswiththe2,100°F treatment(grainsizeof O as
comparedwith3 (fig.31)).

(2)Onehourat 2,2W F gavea maximumgrainsizeof -1. The
maximumgrainsizevariedbetween-1andO alongthelengthofthebar.
Apparentlysolution-treatingat 2,200°F erasedanyeffectof critical
reduction.

(3) me how at 2,250° J?wasvery similarexcept that a grainsize
of -3developedfor1.6-percentreduction.

(4)Onehourat2,300°F wassimilarto1 hourat 2,250°F except
thatthegrainsizesalongthebarvariedbetween-1and-2.

Themostimpor-t featureoftheseresultswastherelativelylittle
effectofextremelyhightemperaturetreatmentson abnormalgraingrowth.
Inadvertenthightemperaturesapparentlyarenot a majorfactorinabnormal
graingrowthprotidedit canoccurat nomal heatingtemperatures.The
absenceofabnormalgraingrowthinheatingat 2,200°F suggeststhat
thereareintermediateconditionsof strainrelief,solutionofgrain-
growthrestrainers,andgrain-growthcharacteristicswhichrestrict
abnormalgraingrowth.

DISCUSSION

Theinvestigationprovidesconsiderableinformationregardingthe
conditionswhichcancauseabnormalgraingrowthinheat-resistantalJoys
ofthetypesstudied.Many,ifnotmost,oftheconditionsofworkingto
be avoidedforfreedcmfromabnormalgraingrowthcsmbe specified.The
basicmechanismsinvolvedinmanyoftheinterrelatedvariablescanalso
bepostulatedfromthetheoryof graingrowth.

PreventionofAbnormalGrainGrowth

Allof theresultsindicatethatsmallamountsof deformationapplied
toessentiallystrain-freemetalareresponsibleforthedevelopmentof
abnormalgraingrowth.Whensuchcriticallystrainedmtal isreheated
totheusualhot-workingor solution-treatingtemperatures,abnormalgrain
growthmayoccur.Themainprobleminpreventingabnormalgraingrowth
seemstobe theanticipationandavoidanceoftheoftenccxnplexconditions
whichcaninducecriticalstrain.Theusualtemperaturesandtimeperiods
of solutiontreatmentaresufficientforabnormalgraingrowth.Eeating
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conditionsforhot-workingmy ormaynotdevelopabnoxmalgrains
dependingonthetemperaturesandtimeperiodsused.

Theamountof strainrequiredtoinducesusceptibilitytoabnormal
graingrowthwasrathersmall.Inmostcasesstudied,itwasa small
portionof thereductionintherangebetween0.4and7.0percent.Over
alltheexperimentsthisreductionwasaslowas 0.1percentandas high
as 9.7 percent.Thismeansthat,if themetalisreducedat least10per-
centinallpartsduringanyoneworkingoperation,itshouldbe freefrom
abnormalgraingrowth;inmostcasesa reductionof7 percentisadequate.
Theonlyexceptiontothisrulenotedwasthecasewherea smallreduction
wasappliedafterfairlylargeemountsofreductioncausedrecrystalliza-
tionduringworking.Therecrystallizationleftthematerialessentially
strainfreeandthesmallamountoffurtherstraininginducedsusceptibil-
ity. Thisapparentlydoesnotoccurwhenreductioniscontinuedat essen-
tiallyconstanttemperatureafterrecrystallizationstartsifthelast
passisheavy.A reheataftersuchrecrystallizationfollowedbya small
criticalreductiondefinitelyinducessusceptibility.Continuedreduction
witha fallingtemperatureafterrecrystallizationathighertemperatures
isa lessobviousbutimportantsourceofcriticalreduction.

Thedataclearlyshowedthatsusceptibilitycanbereducedbyrapid
coolingfrcma hightemperature.Inthiscase,thethermalstresses
criticalJ_ydeformthesurfaceofthestock.Itshouldbe clearlyrecog-
nizedthatthisisa casewherethedimensionsofthemetalpiecetogether
withthecoolingratearecombinedvariablesgoverningtheamountof
thermallyinducedstrain.Air-coolingcaninduceabno?mmlgrowthin some .
cases.Inothershapes,water-quenchingmaybe required.Iftemperature
gradientsortherestrainttocontractionissufficientlysmalleven
water-quenchingwillnotcriticallystrainthemetal.Thissourceof .
criticalstrainisfavoredbyhighthermalexpansionandlowthermalcon-
ductivity.Itshouldbenotedthatcoolingrateaftera reductionlarger
thanthecriticalamountwillhavenoeffecttecausethethermallyinduced
strainwillbemerelysuperimposedonthestrainalreadypresent.

Theseresultsclearlyindicatethefoil.uwingprinciplesnecessaryto
avoidabnormalgraingrowth:

(1)Rapidcoolingfromanessentiallystrain-freeconditionmustbe
avoided.Thus,ifmetalisheatedunderconditionswhichremovestrain
frompriorworkingandthencooledrapidlyenoughtodeformthesurface
criticallyby thermalstressing,itwillundergoabnormalgraingrowth
whenreheatedto usualsolutionorhot-workingtemperatures.Thiscondi-
tioncouldprobablybeencounteredoncoolingfromhot-workingonlyif
thereductionconditionsweresuchthatrecrystallizationtoanessentially
strain-freeconditionoccurredduringtheworkingoperation.Likewise,any
sectionofa partwhichreceivednoreductionwouldbe susceptibleafter

.

suchCOOlillg.
--

.
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(2)Thecriticalreductionfordevelopingsensitivitytoabnormal
graingrowthisessentiallyindependentof temperatureofstraining.
Thus,ifmetalisannealedandcold-straightenedbymethodswhichfntro-
ducesmallstrains,thosesectionsof themetalreceivingcriticaldefor-
mationswillbe susceptible.

(3) Anyreduction shouldbe morethanthecriticalmount. !rhusa
reheatfollowedby a smallfinishingreductionshouldbeavoidedif the
reheatconditionsleavethemetalessentiallyfreefromstrainfromprior
reduction.

(4)Inhot-workingindies,it isessentialthatthedeformationin
allpartsofthepiecebemorethanthecriticalanmunt.Thismeansthat
thediesmustbe designedtoinsuremorethanthecriticalamountof
metalmovementineverystep. Cammonsourcesof difficultyincludedie
“hangup”wherethemetaldoesnotmove,incorrectproportioningof the
sequencyof diesso thatsomepartsofthepiecereceivelittleorno
reductionin somesteps,andflashpreventingdiesframclosingthereby
restrictingmetalflowto smallamountsinsomeparts.Tkimingofflash
froma forgingaftera reheatwithoutanyotherreductionisa common
sourceof criticalreductionifthereheatreld.evespriorstrainbecause
theoperationintroducesa straingradientcertaintoincludecritical
deformation.

(5)Abnormalgraingrowthcanoccurduringreheatsif thetimeand
temperatureofreheatingme sufficientforthegraingrowth.Eventhough
initialreductionsmaybe largerthanthecriticalreduction,it canoccur
duringsubsequentreductionsifreheatingrelievespriorstrain.Repeated
stepsinvoltingcriticalstrainandgrain.growthduringreheatsarealmost
certainlythecauseofextremelylargegrainssometimesencounteredin
forgingturbineblades.‘Therepeatedsequencecausesadditionalgrowth
duringeachreheat.

(6) Thepossibilityofrecrystallizationduringworkingrendering
metalsusceptibletoabnormalgraingrowthfroman additionalsmall
reductionseemstobe a fairlyimportantprinciple.Thisrecrystalliza-
tionisprobablya comon sourceoffairlylsrgegrains(grsAnsizesof
theorderof O to -1. Itprobablyexplainswhymanysuccessfulforging
operationsforgas-turbinebladesrequiretheMmitingoftheforging
blowstooneperheat. Thefirstblowata relativelyhightemperature
inducesrecrystallizationwithlittleorno strain-hardening.The
temperaturefallsrapidlyandadditionalblowsprobablyresultinsmall
deformationswhichcriticallydeformtherelativelystrainfreemetal.
Ifmultipleoperationsperheataretobe used,caremustbe exercised
tobe surethatrecrystallizationisnotfollowedbysmallcritical

. reductionsat a lowertemperaturewhererec~stallizationstops.

.



24 NACATN4082

(7) Forging experienceindicates that temperatureandtimeof A

heatingandthecapacityofhot-workingequipmentareimportantpractical
variables.Thereasonforthisapparentlyinvolvesseveralfactors.The
mostimportantfactorprobablyistheuniformityofmetalflowina Me .

as influencedby thetemperature-sensitiveflowcharacteristicsofthe
metal.Timeofheatingprobablygovernsamountofrelieffromprior
strainandgrain-growtheffectsduringreheats.Smallpartsandthin
edgescoolrapidlyina dieandmaybecomesoresistanttodeformation —

thatthedeformationpossiblewiththeequipmsntbeingusedis limited
to thecriticalamount.

(8) Inadvertentabnormallyhightemperaturesofheatingforhot-
workingorsolutiontreatmentappeartobe a relativelyunimportant
featureofabnormalgraingrowth.Thema~orexceptiontothisappears
tobe thecasewherethenormalhot-workingor solutiontemperaturesand
timesweretoolowforabnormalgraingrowthtooccur.Inthesecases,
an abnormallyhightemperaturewillpermitabnormalgraingrowthafter
criticaldeformationwhentherewouldbeno evidenceofitfromnormal
heatingconditions.Thesizeofabnormalgrainsincreasesonlyslightly
withtemperature.Ifabnomalgraingrowthcanoccurduringnormal
heating,theincreasefromabnormallyhightemperaturesisrelatively
small.

(9) Thesegeneralities are restricted totheformationofabnormally
largegrainsunderconditionswhichnormallydonotdevelopexcessively
largegrains.Theinvesti~tiondidnotconsiderthecausesofmixed
grainsizeswherethelargestgrainsareoftheorderof1 orO. Several n
instancesofthistypeofgraingrowthwere,however,notedintheexperi-
ments.Thedevelopmentofa veryfewrecrystallizedsmallgrainsduring
workingata relativelylowtemperaturewasonesource.

.
Partialrecrys-

tallizationcaustngbandsofstrainedandrecrystallizedsmallgrainswas
another.In somecases,certainconditionsofpriorheatingcaused
relativelylargegrainstoformduringa subsequentreheat.Excessively
hightemperaturesofheatingfrequentlycauseduniformlycoarsegrains
toform.

(10)Theinvestigationshowedthatthedegreeofreductionandnot
straingradientswasthemajorcauseofabnormalgraingrowth.Abnomal
graingrowthisusuallyassociatedwithstraingradientsonlybecausethe
criticaldefo-tionisusuallypresentinthegradient.Thecritical-
deformationrangeissosmallthatitcaneasilybemissedinuniform
reduction.

(11)Workingat or slightlyabovethenormslsolutiontemperature
cannotbe dependedontoreduceabnormalgraingrowth. —.

.

.
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MetallurgicalandCompositionalEffects

Theinfluenceofmetallurgicalvariablesandcompositionaleffects
onabnormalgraingrowthwasnotstudiedin detail.However,certain
observationsanddeductionscanbemadefromtheexperimentalresults:

(1)Thevacuum-meltedWaspaloyalloydidnotdevelopabnormalgrains
solargeas didtheair-meltedstockandtendedtobe generallyfiner
grained.fitheory,thevacuum-meltedmaterialshouldhavefeweroxides,
nitrides,andotherdispersedphaseswhichactas grain-grawthrestrainers
thantheair-meltedstock.Ifthiswerethegoverningfactor,thetemper-
aturesandheatingtimeforgraingrowthoughttobe reduced.This,
therefore,canhardlyaccountfortherestrictionof theabnormalgrain
growth.Thevacuum-mltedheathada carboncontentof 0.08percentwhile
theair-meltedheathadonly0.03percentcarbon.Thisisa sufficient
differencesothatthelargersmountof carbidesinthevacum-melted
materialshouldrestrictgraingrowthappreciablymorethanthosein the
lowercarbonair-meltedmaterial.Whilethisinvestigationdidnot
demonstratethatthecarboncontentwasthecontrollingfactorbetween
theair-andvacuum-meltedstock,italonecouldbe responsibleforthe
observeddifferences.

(2)Thecompositionofthealloyswasrelatedtothetemperatures
andtimeforabnormalgraingrowth.Forthethreealloysconsidered,
Nimonic80Ahadtheleastresistancetograingrowth.Itunderwent
rapidgraingrowthat 1,950°F. Waspaloyrequiredconsiderabletimefor
abnormalgraingrowthat 1,9500F. InconelX-570requireda temperature
above2,000°F andstillrequiredsometimeat 2,1500F forabnormal
graingrowth.

ThecomparativelyhighcoarseningtemperatureforInconelX-570alloy
wasprobablyduetothegrain-growth-restrainingeffectof columbiumcom-
pounds. ThemaindifferencebetweentheNimonic80AaudtheWaspaloy
alloyspresumablywasthehighertitaniumandahmrhnmcontentsofthe
lattermaterial.Thispresmablyincreasedresistancetograingrowth.

(3)mere weremanyaspectsof thedetailsof theobservedgrain-
growthvariationswhichseemtobe dueto differencesin grain-growth
restraintfromdispersedphases.Theusualsolutiontemperaturesappa-
rentlyareonthelowersideof thetemperaturerangeforsolutionof
suchphases.Thegraingrowthwasrelativelyslowat thetemperatures
used. Undersuchconditionsthecriticaldeformationcouldbe expectedto
be sensitiveto theconditionsof thegrain-growthrestrainersandpos-
siblytothesizeoftheabnormalgrains.Thisfactseemedtobe involved
intherestraintofgraingrowthbypriorheatingintheprecipitate-
agglomerationrangeofl,kOOOto1,700° F. Itprobablywasa factorin

.
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thevariableeffectonabnormalgraingrowthduetoworkingat orabove
theusualsolutiontemperature.

(4)Deformationofmultigrainedmaterialsisnotuniformona
microscopicscaleeventhoughitmaybe ona macroscopicscale.The
microscopicflowcharacteristicsprobably-y dependingonthetemper-
atureandmethodofworking.Consequently,itcouldbe expectedthat
therathernarrowrangeofreductionsinducingabnormalgraingrowth
couldbe sensitivetodetailsofthemechanismsofflowduringworking.
Furthermore,suchmetallurgicalfactorsas compositionaldifferences
grainsize,dispersedphases,anddegreeofsolutionofdispersed
phasesco@d influencefluwcharacteristicsandtherebyinfluence
criticaldeformationdetails.

—

(5) TheSize d grainsandextentofabnormalgraingrowthwere
remarkablyinsensitivetoincreasedtemperaturesofheatingabovethe
lowesttemperatureatwhichabnormalgraingrowthwouldoccur.There
were,however,certainintermediatehighertemperatureswhichinsome
casesrestrictedabnormalgraingrowth.Theexplanationofthese
effectsisnotclearfromthisinvestigation.Thereareprobablyseveral
interrelatedeffects.Increasedtemperatureshouldintensifygraingrowth.
Ontheotherhand,verylargegrainsrequireinitiationofgrowthfrom
onlya fewcenters.Increasingthetemperaturewouldincreasethenum-
berof centersofgraingrowthandtherebyrestrictgraingrowththrough- - _
competitionforsurroundinggrains.An increaseintemperaturewouldalso
tendtoreducegrain-growthrestrainersby solutionandtherebyincrease
thecentersnucleatedforgrowth.Somestrainreliefprobablyoccurs b
duringheatingbeforegraingrowthstarts,therebyinfluencingcritical
strain.Thiscouldbeexpectedtobevariabledependingontemperature
andheatingrate. Possiblythiswouldresultinvariationintheamount

.

ofinitialstrainrequiredtoleavea residualcriticalstrainat the
timethemetalattaineda temperaturesufficientforabnormalgrain
growth.

Strainreliefduringheatingtothehighertemperaturesofrolling
maywellbe thecauseforthegeneralincreaseintheamountofstrain
requiredforcriticalgraingr~h.

(6) Ingeneralitappearedthatabnotilgraingrowthwasfairly
independentof initialgrainsize. Inthosecaseswheretherewasan
apparentgrain-sizeeffect,it isprobablethatvariationingrain-growth
restrainerswasthecontrollingfactor.

(7) There-S considerablevariationintheamountof deformation
requiredto initiateabnomnalgraingrowth._me reasonswerenotclear.
Varyingstrainsfromcoolingwereprobablya factor.Also,aspreviously ‘d-
iscussed,variationingrain-growthrestrainerscouldhavebeeninvolved.

.



NACATN 4032 2’-7

.

“

.

b

Therewasalsosom etidencethattheamountof deformationwasrelated
torateofheatingtothesolutiontemperature.Themostimportant
effect,however,wasprobablyunrecognizedvariationsin thestrainfrom
theconditionsofmanipulationusedintheexperiments.

MechanismofAbnofilGrainGrowth

Therearetwobasicmechanismsresultingin graingrowth:(1)Absorp-
tionof surroundinggrainsby grain-boundarymigxation,and(2)formation
ofnewgrainsby recrystal~zationfollowedbygrain-boundarymigration.
Eathmechanismsrequirea differenceinenergybetweengrainssuchthat
thoseat a higherenergylevelareabsorbedby thoseat a lowerenergy
level.Inthefirstcase,somefactorsetsupa conditionsuchthatscme
grainsareat a higherenergylevelthanothers.Itisthecommonmecha-
nismforgrowthoflargergrainsfrcnnsmallergrains.Inthesecondcase,
reliefof straindueto deformationcausesa smallnewgraintoform.
Thisgrainthengrowsat theexpenseofthesurroundingmetalwhichis at
a higherener&ylevelby virtueofthestrainpresent.Iftherearemany
centersatwhichthesmallnewgrainsforminrelationtotheoriginal
grainsize,therewillbemoregrainsafterrecrystallizationis complete
andgrainrefinementwillhaveoccurred.Iftherearefewcenters
strainedenoughtorecrystallize,growthof onlya fewgrainswilloccur
resultingingraincoarsening.

Theliterature(refs.“3snd4) doesnotclesrlydefinewhether
abnormalgraingrowthoccursby grain-boundarymigrationofexisting
grainsorby growthofa veryfewsmallgrainsformedby recrystalliza-
tion. Ineithercasetheessentialfeaturewouldseemtobe nonuni-
fotityofstrainwithintheindividualoriginal~ains. Grain-boundsry
migrationwouldrequirethata fewgrainsreceiveverylittlestrainin
relationtotheirneighboringgains. Recrystallizationfollowedby
graingrowthwouldrequiresufficientlylargedeformationsat a very
fewcentersinitiatingnewgrafns.

Regardlessofthisinitialmechanism,it canbepostulatedthatthe
characteristicshapeofthecurvesofgrainsizeversuspercentreduction
by rollingresultsfranthefol-lawingsequenceofconditions:

(1)Inregionsofno reductionor smallerreductionsthanthe
criticalsmountthereisnota sufficientcontrastinenergylevelsto
tie onlya fewgrainsgrowat theexpenseof surroundinggrains.Grain
growththatoccursis thenormaluniformgrowth.

(2)Theconditionsat thecriticaldeformationarediscussedabove.

(3) At so~whatlargeramountsofstrainthanthecritical,apyr-
entlytherearemoregrainsina conditiontoabsorbtheirneighborsthan
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at thecritical.TheincreaseinthenumberresultsIncompetitionfor
availablesurmountinggrains.Thegrainsizeisthenrestrictedbecause
therearenotenoughgrainsavailableforanyonetobecomelarge.

(4)At stilllergeramountsofstrain,normalrecrystallizationand
graingrowthmostcertainlytakeplace.Theeffectsat largermounts
of strainare,however,complicatedifsimultaneousrecrystallization
occursduringworking.Itappearedfromthedatathattherewaslittle
differenceinthegrainsizeineithercaseexceptwhena verysmall
amountofrecrystallizationoccurred.Mixedgrainsizesresultedduring
reheatinginthiscase,apparentlyby thefewinitialsmallgrainsgrowing
at a fasterratethanthosewhichformedbyrecrystallization.Inthe
experimentsconducted,}his~chanismdidnotdevelopabnormallylarge
grainsalthoughitwastheoreticallypossible.Themechanism,however,
seemedtobemainlyresponsibleformixedfineandcoarsegrains.

Inthediscussionofmethodsofavoidingabnormalgraingrowthit
waspointedoutthatrecrystallizationfollowedby criticalreduction
couldbe a sourceofabnormalgraingrowthunderconditionswherea more
thancriticalreductionwasapparentlybeingrequired.Themechanism
involvedapparentlywasno differentfromthatforthecaseofsmall
reductionofinitiallystrain-freematerial,althoughtheremightbe dif-
ferencesinthetemperaturesandtimesrequiredforabnormalgraingrowth
duetounusuallysmallgrainsizeoftherecrystallizedmetal.

Thedatapredominatelyindicatedthattheemountofstrainandnot
thestraingradientswasthecontrollingfactor.Thiswouldbe in
accordancewiththetheoryinvolved.

Theinfluenceofthepresenceofabno-llylargegrainsinthe
structurebeforeworkingwasnotstudied.Suchgrainscouldbepresent
becauseoflackofrefinementfromingotstructureorbecauseof allowing
abnormalgrowthtooccurduringpriorprocessing.Generalexperience
indicatesthatitis difficulttobreakupsuchisolatedlargegrains.
Itis doubtful,however,thattheywouldcontributetoabnormalgrain
growthexceptinthecasewherelarge-scalecriticaldeformationswere
superimposedoverthelargegrains.Apparently,wherelargerthan
criticaldeformationsareinvolvedtheproperstraingradientdoesnot
develop,orthesmountofcriticallystrainedmetalbetweenthelarge
grainandsurroundingfinegrainissosmallthatnoappreciablegrain
growthoccurs.

Sincerateofgraingrowthincreasesasheat-treatingtemperature
increases,abnormalgraingrowthcanoccurinlessthe atthehigher
thanatthenormalsolution-treatingtemperatures.
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Metallurgicalvariableshadrelativelylittleeffectonabnormal
graingrowth.Variousprior-historyeffectscausedonlyminorvariations
solongas thepriorhistorydidnotincludemorethancriticaldeforma-
tionwithoutan opportunityforstrainrelief.Grain-growthrestrainers
as influencedby compositionandheattreat~nthadminoreffects.There
wassomeevidencethatmetal-flowcharacteristicsas influencedby tem-
peratureandmetallurgicalvariablescausedminorchangesin critical
reductionandgrainsize.Certainheatingratesandtemperaturesappar-
entlycanrestrictabnormalgraingrowth.

Themajordifferencebetweenthethreealloysstudiedwasthe
temperatureandtimeperiodsforabnormalgraingrowth.InconelX-550
alloyrequireda highertemperaturethandidtheothertwoalloys.Pre-
smnablythiswasduetothegrain-growth-restrainingtendencyofthe
columbiumccmpoundspresentin thealloy.Thevacuum-meltedWaspaloy
developedsmallergrainsthandidtheair-melted,possiblybecauseof
thegrain-growthrestraintofa highercarboncontent.

CONCLUSIONS

Thefollowingresultsandconclusionswereobtainedfroman investi-
gationtodeterminethebasiccausesofabnormalgraingrowthinair-and
vacuum-meltedWaspaloy,InconelX-550,andNimonic80Aalloys:

. 1.Abnormalgraingrowthwasfoundto occurinWaspaloy,Inconel
X-550,andNimonic80Aalloysonlywhensmalldeformationscausedvery
largegrainstogrowduringsubsequentheating.Thedeformationsinducingb abnormalgrowthusuallywerewithina rangeofreductionsof 0.4to
5.0percents.ndwerewithina reductionrangeof 0.1to 9.7percentwhen
allvariableswereconsidered.Normalsolutiontemperaturesandtimes
aresufficientfortheabnormalgraingrowth.

2. Abnormalgraingrowthcanbe avoidedif careisexercisedtobe
surethatallpartsofthemetalaredeformedmorethan10percentinany
oneworkingstepbeforereheating.Inmostcasesa reductionof5 percent
willbe sufficient.Theonlyexceptiontothisisthecasewherelarge
reductionscauserecrystallizationduringworkingandworkingis continued
underconditionswhichwillcriticallydeformthestrain-freerecrystal-
lizedmetal.

3. Themainprobleminavoidingabnormalgraingrowthse- tobe in
recognizingandavoidingconditionsleadingtocriticaldeformation.It
canbe inducedby thethermalstressesofrapidcooling.Nonuniformmetal

●
movementduringhot-workingleavingcertainsectionscriticallydeformed
isa majorsourceof criticaldeformation.Attentionmustbe giventothe

.



30 NACATN40!32

designandmetalflowtoavoidcriticaldeformation.Particularcare *
mustbe takentoavoidsmalldeformationsanddeformationgradients
whicharesuretoincludea criticaldeformation.Recrystallization
duringworkingandreheatingcanremovetheeffectofpreviousdeforma- .
tionsothatitisimportanttoobtaina morethancriticaldeformation —

ineveryhot-workingoperation.

4. Thedevelopmentofsusceptibilitytoabnormalgraingrowthwas
remarkablyindependentoftemperatureofwo~king.Deformationatroan
temperaturehadthesameeffectasathot-workingtemperatures.Heating
temperaturehadrelativelylittleeffectonabnormalgraingrowthpro-
videdthetemperaturewashighenoughforthegrowthto occuratall.
Becauseitcouldoccuratthenormalsolutiontemperaturesforthe
alloys,inadvertentexcessivelyhightemperaturesarenotnecessaryfor
itto occur.Inaddition,thesetemperaturesdonotcausesubstantially
largergrainstoform.

UniversityofMichigan,
AnnArbor,Mich.,September19,1957.

.
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(a)

.600

Taperedspecimenusedto obtain&pproMmatelyO-
reduction.

to 15-percent

.600

(b)Taperedspecimenusedto obtainapproximatelyO-to 29-percent
reduction.

. Figure1.-Taperedspecimensusedto obtainindicatedrangeofpercent
reductionbybeingrolledto flatbars(dimensionsin inches).
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(a)Approximatedistributionofgrainsizes.
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(b)Microstructurenearbar (c)Microstructureinbar
surface.Magnification, center.Magnification,
lgo . X50.

L-57-3961
Ftgure2.-Microstructureandgrainsizesoftransversesectionofas-

receivedair-meltedWaspaloybarstock.
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Equalizing l’rea~nt of & -Received Stock

None Rolled 70%at L950”F

Heat

B

1-5
4-6

Treatment

•1

4~8

1 hour at ~900”F ❑4-8

1 hour at ~950°F

C!!!’-

o

2.6

n

4-6

4 hours at ~950 “F n1-6 ❑3-4

1 hour at ~OO”F

•1

3-7

1 hour at ~OO”F

u

2-6

Figure3.-Effect of heat-treatingtime ad temperature upon grain dze of transverse sections
of air-meltedWaepaloy bar stock. 3
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(a)Approxtitedistributionof
grainsizesasrolled50per-
sentat 1,950°F.
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Magnification,X50.
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(c)Appro-te distributionof (d)MicrostI’uctmeasrolled
grainsizesasrolled50per- 70percentat 1,950°F,
centat 1>950°F~ PIUS1 hour plus1 hourat1,950°F~
at1,9500 F, thena ri -cooled. thenair-cooled.

cation,X50s

Figure4.-Microstructureandgrslnsizesoftransverse
equalizedair-meltedWaspaloybarstock.

Magnifi-

L-57-3962
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(a)Appro-te distributionof
grainsizesasro~ed.

c14-7

(b)Microstructureasrolled.
Magnification,~.

(c)Approximatedistribution (d)Microstructureasrolled,
ofgrainsizesasrolled, pluslhour atl,SOOF,
plus
then

* Figure~..

lhour atl,~O°F, thenair-cooled.-Msgmifica-
air-cooled. tion,50.

L-57-3963
ticrostructuresandgrainsizesoftransversesectionsof

vacuum-meltedWaspaloybarstock.



Equaliz” ~ Treatient of Am-Received stock I
Rolled 70% ~ L950”F Rolled 25% at 80”F

+ 1 hour at 1950”F,
+ 1 hour at ~950”F, water-quenched

+ 1 hour at 4950”F,
air-cooled oil-quenched

❑4.6

n

4.6 ❑4-8

Heat
Treatment Cooling Metho& Cooling Metho& Cooling MethO&

Air-Cooled
cooling Metho&

Air-Cooled Water-Quenched OfHmenchad

1 cycle of 1 hour at
&950”F, cooled

H ‘:E-’ m“ 2-Q

2 cycles of 1 hour at
\950”F, cooled

H ‘-:m’-’ -2)-B

‘950”Fc001ed H ‘-f’&l!#3-6 ‘-2*2”

3 cycles of 1 hour at

4 cycles of 1 hour at
L950”F, cooled

‘a ‘-3(&2-3 ‘-3)-%1-2

1 cycle at ~950”F,
cooled

_a

(-4) @o@ 3-6 0-8
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~igwe 8.-Effect of repeated heating and coollng upon grain size of transverse sectionsof
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Figureil.- Effectofpercentreductionby rollingat l,~” F upon
microstructureofequalizedair-meltedWaspaloyafterfinalsolution
treatment.Equalizingtreatmentofas-receivedstockwasa ~-percent
reductionat 1,~0°F plus1 hourat lj~OOF, thenoil-quenched.
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Magnification,X50.
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Figure18.- Effectoftemperatureandpercentelongationbytensile
testingupongrainsizeofair-meltedWaspaloyafterfinalsolution
treatment.
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Figure 24.- EfTectorrepeatedheatingandcoolingupongrainsizeoftransversesectionsof
InconelX-570barstockwhichhadbeenegwilizedby a fkpercentreductionat2,150°F. i
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as-receivedandequalizedNimonic80Abarstock.
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Figure 3.- E&fect of temperate and percent reduction by rollhgj repeated deformationby
rolMng, ad heating rate before final solutiontreatment upon ?mxinnm gxain size of
THmonic 80A slloy after final solutiontreatment.

* , . ,, ,



# , . ,

Figure 31.-Effect of degree of taper, repeated deformation,and percent reduction by roILlng

upon maximum grain i3izeof Mmonic MA alloy at%er final 6oluti.cmtreatment.
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